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ABSTRACT
Quantum cascade lasers are unipolar semiconductor lasers that offer a unique combination of
compact size, high efficiency, high optical power, and flexibility to achieve a targeted emission
wavelength with the same laser core material composition, employing so-called bandgap engineering.
Since their invention in 1994, watt-level CW power with 5 to 20 % wallplug efficiency was
demonstrated for QCLs throughout the entire 4 to 12 µm range, which makes QCLs very attractive
for a number of practical applications. Our earlier work on broad-area QCLs emitting in the 4.6 µm
to 5.7 µm spectral range demonstrated that CW power scaling with lateral device dimensions is an
effective approach to increasing QCL power. First experimental and numerical data for shortwavelength (<4.2 µm) broad-area QCLs presented here show that this approach is very promising for
achieving multi-watt CW operation in this challenging spectral region as well. Using optical power
scaling with added lateral and longitudinal optical mode controls to achieve high spectral brightness is
the other main topic of this dissertation. Two beam control methods for broad-area QCLs and results
for single-mode devices with a short top-metal distributed Bragg reflector are presented. Finally, to
improve laser reliability at high CW power, substrate-emitting configuration with a high spectral
brightness and reduced beam divergence is demonstrated. These results pave the way for the
development of ultra-compact and reliable infrared lasers with a high spectral brightness needed for a
number of critical applications, including infrared countermeasures.
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CHAPTER 1 INTRODUCTION
Quantum cascade lasers are unipolar semiconductor lasers that offer a unique combination of
a compact size, high efficiency, high optical power, and flexibility to achieve a targeted emission
wavelength with the same laser core material composition by employing so-called bandgap
engineering. Figure 1 shows that watt level CW power with 5 % to 20 % wallplug efficiency was
demonstrated for QCLs throughout the entire 4 µm to 12 µm range, which makes QCLs very attractive
for a number of practical applications. In this section we discuss major milestones in the QCL
development, overview some of their main practical applications, and explain why power scaling with
lateral device dimensions is a promising route for further increasing CW QCL power.

Figure 1. Wallplug efficiency for QCLs for the 3 m to 12 m wavelength range (left) and maximum CW optical power
for the same range of wavelengths (right). Highest efficiency (~29 %) in pulse and CW (22 %) are found between 4.6 m
and 5.7 m range, beyond 5.7 m the efficiency of demonstrated QCLs decreases to 10 % in pulse and less than 5 % in
CW. For the short wavelength case < 4.6 m the efficiency has a dramatic drop to 10 % in pulse and ~ 5% in CW.
Maximum optical power follows a similar trend with the highest power obtained between 4.6 m – 5.0 m with dramatic
decrease towards longer and shorter wavelengths were max power oscillates between 1 W and 2 W.
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1.1 Brief History
The origin of QCLs can be traced back to the seventies, when Kazarinov and Suris suggested
that stimulated emission (and lasing) can be achieved by utilizing quantized energy states supported
by a multi-layer semiconductor structure [1].
Kazarinov and Suris’es idea was motivated by Esaki and Tsu’s earlier work which studied
properties of coupled quantum wells under high electric fields [2, 3, 4]. Advances in epi-growth
techniques, such as molecular beam epitaxy [5], allowed for the growth of narrow quantum wells [6]
and later for growth of multi-layered structures with high electron mobilities and low interlayer
roughness [7, 8, 9]. The high quality growth was critical for the demonstration of sequential resonant
tunneling between the ground state and the first two exited states of the adjacent wells of a superlattice.
These were the main breakthrough results that paved the way for the Kazarinov and Suris’es work [1,
10]. Several new laser designs were subsequently proposed and the first infrared light emission from
a superlattice was later reported [11, 12, 13, 14, 15].
The first demonstration of an intersubband mid infrared laser, a Quantum Cascade Laser, was
reported in 1994 by Jerome Faist and his collaborators at Bell Labs [16]. These first QCLs operated
only at very low temperatures (10 K) and offered only 8 mW of pulsed peak power with a central
wavelength around 4.2 m. Subsequently, the early-stage research was dedicated to improving laser
performance, increasing operational temperature, as well as extending operation to other wavelengths.
A significant progress in laser performance was achieved by increasing spatial overlap between the
upper and lower laser levels [17]. However, laser characteristic quickly deteriorated with increase in
laser temperature. This was attributed to scattering of electrons from the downstream injector back
into the lower laser level (so-called backfilling). The main parameter controlling this process was
identified to be the energy separation Δ between the lower laser level and the quasi-fermi level of the
2

downstream injector [17]. One year later, in 1995, by increasing Δ to around 100 meV, the QCL
operation in continuous wave (CW) was extended up to 85 K at 4.6 m with max power of 2 mW. In
addition, such devices operated up to 200 K under pulsed current injection [18]. A laser configuration
with a three quantum well active region that featured improved carrier injection efficiency into the
upper laser level and increased Δ to enhance high-temperature performance produced high peak
power (300 mW) at room temperature and CW operation up to 140 K [19] at wavelength   5 m.
Over the following several years, QCL operation was extended to a wider range of wavelengths
(4 m to 11 m) [20, 21, 22]. The active region design efforts were focused then on maximizing carrier
injection into the upper laser level and improving carrier extraction from the lower laser level for the
three quantum wells design [23]. Waveguide structures based on low thermal resistance materials [24,
25, 26] and the incorporation of efficient heat removal packaging [27] were among the innovations
that led to pulsed high power QCL operation above room temperature [28]. Transitioning to semi
insulating InP as a lateral cladding (buried heterostructure - BH) allowed for increasing duty cycle to
17 % at RT [29].
The next phase in QCL performance improvement was achieved by employing a four
quantum well active region design: the combination of high power, low current density at RT, and
CW operation up to 246 K were reported in [30, 31]. Later in 2001, a four quantum well design with
BH waveguide and low thermal resistance packaging resulted in the demonstration of first continuous
wave operation at room temperature [32]. Efforts to improve laser performance were also focused at
that time on improving the growth quality [33] and increasing the injection efficiency by lowering the
injector doping [34, 35].
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Although the first demonstration of CW RT QCLs was reported at  ~ 9 m, an even larger
progress was subsequently achieved at a shorter wavelength that had lower free carrier losses. Again,
laser configurations with improved heat extraction from the laser core and low thermal resistance
packaging were instrumental for improving short-wavelength QCL performance [36, 37, 38]. In 2006,
this work led to the demonstration of ~0.6W CW power at RT at  ~ 5.25 m region [39]. A further
increase in power was achieved employing strain-balanced laser core composition that offers a larger
band offset and, as a consequence, suppressed carrier leakage from the upper laser level [40, 41, 42].
This is particularly important for short-wavelength QCLs that have a large laser transition energy. In
parallel, high performance QCLs grown by metal organic chemical vapor deposition (MOCVD) in the
short [43] and long [44] wavelength ranges were developed, which paved the way for their low cost
production. In the long wavelength range, however, CW RT operation was still demonstrated only
with the standard molecular beam epitaxy (MBE) growth technique [45].
Estimates of the limits for how much QCL wall plug efficiency (WPE) could increase were
analyzed using the rate equation formalism in [46]. Laser performance approaching these estimates
was ultimately reported by several groups involved in Efficient Mid-Infrared Lasers program
supported by DARPA between 2007 – 2011 (see Figure 2). Initially, CW QCLs with WPE = 9.3 % at
 = 4.7 m grown with MBE [47] and WPE = 8.8 % QCLs at  = 4.6 m grown with MOCVD were
demonstrated [48]. Employment of a low thermal resistance waveguide with a low electrical resistance
allowed for increasing WPE to 12.5 % in CW operation with a max output power of 2.5 W [49]. To
further improve the WPE of QCLs, multi-material active region [50, 51] designs based on shallow
quantum wells were explored and demonstrated 27 % pulsed and 21% CW WPE at  = 4.9 m [52].
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Most recently, in 2016, a highly optimized active region design based on very high strain
resulted in the demonstration of pulsed WPE exceeding 28% at  = 5.6 m [53] and, finally, 29.3 %
WPE at  = 4.9 m for a 50-stage structure [54] based on a stage design reported in [52].
Undoubtedly, QCL technology experienced a rapid progress over the last two decades, going
from pulsed cryogenic operation to high-power CW operation at room temperature. As a
consequence, these devices are now being used in a number of practical applications that are discussed
in the next section.

1.2 Applications
QCLs are compact, efficient, and high power laser sources that emit in the technologically
important mid and long wave infrared spectral regions that are difficult to address with other laser
sources. They are, therefore, very attractive for a number of infrared applications, particularly when
small system size and weight are important.

1.2.1 Spectroscopy
In absorption spectroscopy, fundamental vibrational resonances of molecules absorb
electromagnetic radiation, which can be used to detect and quantify molecular trace gases with high
sensitivities. Since most chemicals have their fundamental vibrational resonances in the mid infrared
region of the electromagnetic spectrum, this region has been of great interest for spectroscopy.
Initially, black body sources were used to generate infrared light, which limited spectroscopic
experiments to low spectral intensity [55]. Diode lasers were then introduced, providing better
wavelength resolution and increased spectral brightness, in addition to tunability, high efficiency, and
compact size [56, 57]. Several types of lasers have been used for absorption spectroscopy, including
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vertical cavity surface emitting lasers (VECSEL) [58, 59], antimonide diode lasers [60], lead salt diode
lasers [61, 62], tunable solid-state lasers [63], nonlinear optical frequency conversion devices [64, 65],
tunable optical parametric oscillator (OPO) [66, 67], line tunable gas lasers [68, 69], and free electron
lasers [70].
Most of the laser sources listed above, however, have obvious disadvantages in the context of
infrared spectroscopy. For example, diode lasers can only access overtone transitions localized at
wavelengths below 2 m. These transitions are much weaker than fundamental transitions and
therefore result in low sensitivity. Gas lasers, in turn, can only access a narrow range of wavelengths
defined by their gain medium. Finally, OPOs and free electron lasers are too complex and prohibitively
large for many applications.
Quantum cascade lasers, on the other hand, have a compact size and are capable of delivering
high power, single frequency emission and continuous wavelength tunability without mode hops [71].
Below we briefly discuss some exemplary spectroscopic applications.
Taking advantage of the broad band gain curve of the bound to continuum design based active
region of a QCL, researchers were able to continuously (without mode hopping) tune the wavelength
emission over 150 cm-1 [72]. This was made possible with a so-called external cavity configuration,
where the first diffraction order of a grating acted as optical feedback into a QCL chip with antireflective coated front facet. The achieved narrow spectra <0.5 cm -1 and the continuous tunning
capability of the QCL external cavity configuration allowed the high sensitivity (0.1 ppb) detection of
hazardous chemicals (trinitrotoluene) without false positives from traces of nitroglycerin [73]. As
opposed to their MIR counterparts (CO and CO2 lasers), QCLs can access to strong absorption bands
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of trinitrotoluene located in the spectral range 6 – 7.5 m. The continuous tunning allows for detection
of target chemicals without interference from other molecules with close absorption lines.
High sensitivity and reliability in the detection of dangerous chemicals as the ones used in
explosives (trinitrotoluene) are of crucial importance in security applications for example in airports
where a person or their luggage could be scanned to ensure travel safety. In this regard the detection
of very low levels of chemicals must be assured without false alarms.
The rapid increase of nitrous oxide (N2O) in the atmosphere is a concern for the atmospheric
research community due to its greenhouse effect contributing to global warming with a potentially
greater impact than other molecules [74, 75]. N2O emission is mainly generated by human related
activities such as agriculture (due to the use of mineral and organic fertilizers) [76, 77], and fossil-based
fuel combustion [78]. A way to control the emission of greenhouse molecules is understanding its
generation process and measuring its atmospheric concentrations. The detection of N2O is not an
easy task, however, with the development of QCLs, systems to measure concentrations of N 2O at the
ground level have been developed and successfully employed to detect low concentrations of N 2O
[79, 80]. Given its compact size, tunability, and high-power emission, it is possible to integrate QCLs
into spectroscopic systems to detect N2O concentrations in the atmosphere, allowing for a better
understanding of its contributions to global warming [81, 82].
QCLs have been successfully integrated into human breath analyzers for medical diagnosis.
Human breath contains molecules in very low concentrations, part per million to part per trillion, and
monitoring their concentrations is a way to identify early onset of various diseases [83]. For example,
carbon monoxide (CO) is a molecule contained in human breath and it has been shown that its high
concentrations in breath may indicate asthma and diabetes. Nitric oxide (NO), also found in human
breath, is another biomarker widely used in breath analysis. Low concentrations of NO have been
7

observed in patients with cystic fibrosis and high concentrations in patients with atopic asthma and
chronic obstructive pulmonary disease. Detection of low concentrations of carbonyl sulfide in human
breath could help to diagnose failure of liver function and acute lung transplant rejection. Even though
QCLs have been successfully integrated in human breath analyzers with sensitivities in the part per
million to part per billion range, compact sensors suitable for personal monitoring with sensing
capabilities in the part per trillion range to access a wider range of biomarkers are needed. As a
consequence, QCLs wavelength selectivity with high power capabilities is an active research field [84].

1.2.2 Infrared Imaging
Mid infrared (MIR) microscopy is a technique that utilizes a MIR light (initially a broadband
source) to accurately measure the chemical composition of human tissues to form a photograph with
spectral and spatial resolution [85]. MIR microscopy has been extensively used in the imaging of
different type of tissues. By carefully analyzing its molecular composition, researchers have been able
to identify diseases, such as cancer, with a high accuracy [86]. The transition of these useful techniques
to clinical trials has been limited mainly due to slow scan speeds and the complexity of the instruments.
However, given the compact size, narrow bandwidth, and high-power capabilities of QCLs, faster
microscopic imaging system were made possible, paving the way for the implementation of QCLbased imaging in clinics [87, 88, 89]. In [87], for example, the authors performed IR imaging with two
different detectors and compared their findings with existing systems based on Fourier Transform IR
imaging and found comparable image quality with the advantage of speed and the possibility of real
time monitoring. Precise classification of colorectal cancer tissues in 110 analyzed patients with stage
II and III colorectal cancer with 96 % sensitivity and 100 % specificity achieved within minutes, such
numbers are comparable with the gold standard of histopathology [88]. QCL based imaging systems
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have been also helpful for microplastics (contaminants of concern) monitoring in the environment,
water, and food supply. The fast scan speeds achieved, and a fixed region of study are suitable for
daily monitoring of such contaminants [90].
Although scanning times have been shortened to few minutes with QCLs compared to hours
or even days with other methods (FTIR), further research is needed to bring the scan time down to
the tens of seconds regime with even higher precision to distinguish between different diseases or
molecules [91]. Undoubtedly, QCLs are a promising technology for MIR imaging. However, lowering
the commercial cost of such devices is critical to its integration with such tools.

1.2.3 Free Space Optical Communications
The transmission of ~ 800 television channels and 100 radio channels through the atmosphere
over about 200 m was demonstrated using modulated MIR QCL with an emission wavelength at 8.1
m [92]. The results were compared with a transmission link operating in the near infrared wavelength
( = 0.85 m). Due to reduced scattering losses, the MIR free space optical (FSO) communication
channel showed better reliability under poor conditions of visibility caused by weather (fog) [92].
Another study showed that MIR FSO links provide better transmission capabilities when compared
to links operating around 1.3 m and 1.5 m over ~1 km transmission distances (2x and 3x greater
respectively) [93]. Fast modulation (23.5 GHz), mainly enabled by its very short carrier lifetime
(picoseconds), was achieved for a single mode distributed feedback (DBF) QCL emitting around 4.5
m [94]. High speed (3 Gbit/s) data transmission was then achieved with a QCL emitting at 4.65 m
using three modulation formats, that is, on-off keying, and four- and eight- level pulse amplitude
modulations (PAM) [95]. The system was highly stable with low bit error rate. Recently, data
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transmission up to 4 Gbit/s was demonstrated using two modulation schemes, PAM-4 and discrete
multitone (DMT) [96]. Further research is needed to bring the data rates to the tens of Gbit/s.
Optimization of the packaging to operate at high speeds is desirable to achieve such goals.

1.2.4 Infrared Countermeasures
QCLs can access the two MWIR bands important for infrared countermeasures. Given their
compact size and high CW output powers, these light sources are displacing optically pumped MIR
sources, such as fiber lasers, solid state lasers, and optical parametric oscillators [97]. The application
of QCLs in IRCM has been mainly enabled due to the capability of QCLs to mimic the heat signature
of aircraft. However, QCLs with output optical powers in the range of tens of watt are needed for the
next generation missiles utilizing staring array sensors. To this end, government and private agencies
are putting extreme efforts to further optimize QCL performance and increase the maximum delivered
CW optical power [98].

1.3 Power Scaling
While QCL performance was dramatically improved since 1994 and low to moderate power
devices have already been commercialized, many applications require even higher laser performance.
Specifically, higher spectral brightness is needed for many applications, such as infrared
countermeasures.
QCL power can be increased through further improvement in laser efficiency. However, as
shown in Figure 2 summarizing best CW QCL performance reported in peer-reviewed journals, laser
efficiency has hardly been increasing since 2011. This is likely due to the fact that both QCL design
and epi-growth quality have already been optimized.
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Figure 2. Best CW and pulse QCL performance reported in peer-reviewed journals from year 2000 until 2020. The period
between 2007 – 2011 shows a dramatic improvement in QCL performance which was the result of the Efficient MidInfrared Lasers program supported by DARPA. Efficiency and max output power in pulse and CW has hardly increased
since 2011.

The other approach to increasing QCL power is power scaling with device dimensions, i.e.
increase in laser core dimensions [99]. Traditionally, room temperature continuous wave operation of
QCLs has been achieved for narrow ridge waveguides and 30 to 50-stage laser core in either, buried
heterostructure or ridge waveguide configurations [48, 49, 52, 100]. The narrow ridges were needed
to improve heat dissipation. Power scaling for these traditional devices was done by increasing cavity
length. However, ten millimeters is a practical limit for QCL cavity length. Therefore, further power
scaling has to be achieved by increasing lateral size of laser core cross-section [101].
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A quadratic dependence of maximum temperature rise in the active region with the thickness
of laser core suggests that to increase QCL ridge width, the number of stages has to be reduced [102,
103, 104]. The reduction in slope efficiency due to fewer stages in the laser core can be compensated
by an increase in rollover current density, which results in higher maximum power delivered by broadarea devices. Operation of the first broad area QCLs was demonstrated in [102]. Figure 3 is a schematic
comparing broad-area devices to their traditional counterparts.

Figure 3. Standard configuration of high performance QCLs (left) includes 30 – 50 stages resulting in core thickness of ~
2 m and width ~ 10 m, in this configuration power scaling is only possible with cavity length which is limited to 10
mm. The broad area approach (right) employs a reduced number of stages resulting in thinner active region < 1 m, in
this configuration power scaling is achieved by wider ridges 20 m – 50 m, the lower thermal conductivity of this
geometry allows for higher power delivery.

Optical power scaling, with added lateral and longitudinal optical mode controls to achieve
high spectral brightness, is the main topic of this dissertation. The structure of this work is as follows.
Chapter 2 discusses the underlying physics governing QCL operational principles and briefly
summarizes prior work on broad-area 4.5 µm to 5.7 µm QCLs done by our group. First results on
broad-area QCLs emitting below 4.2 µm, a spectral region critical for infrared countermeasures, are
presented in Chapter 3. Two beam quality control methods for broad-area QCLs employed by our
group are discussed in Chapter 4. Results on single-mode devices with a short top-metal distributed
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Bragg reflector are presented in Chapter 5. Data for a more advanced dual-grating configuration with
a 1st order DBR used for wavelength selection and spectrally detuned 2 nd order outcoupler are
presented in Chapter 6. These devices offer the additional advantages of improved reliability at high
CW power and reduced beam divergence. Future work on the high spectral brightness QCLs is
discussed in Chapter 7.
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CHAPTER 2 BASICS OF QCL DESIGN, FABRICATION, AND
PACKAGING
2.1 QCL Structure
Quantum cascade lasers are based on radiative electron transitions between quantized states
supported by a multilayered semiconductor structure, or superlattice - a sequence of quantum wells
and barriers. Energy levels are primarily defined by band offset, quantum wells thicknesses, and
coupling between the quantum wells.
Figure 4 illustrates formation of the so-called minibands. An isolated quantum well supporting
two energy levels is shown in Figure 4a. When two such quantum wells are separated by a thin barrier,
an electron wavefunction for each energy state overlaps with both wells and each pair of originally
degenerate energy levels splits into two closely spaced levels (Figure 4b). These are coupled quantum
wells. In a similar manner, coupling between multiple quantum wells leads to the formation of
minibands, multiple closely spaced energy states separated by minigaps (Figure 4c).
In experiment, a quantum well is formed when a semiconductor material (such as GaInAs)
with a smaller bandgap is sandwiched between two semiconductor materials (such as AlInAs) with a
larger bandgap. By growing alternating quantum wells and barriers, a superlattice supporting
minibands and minigaps with targeted characteristics can be created. When a superlattice is under a
strong electric field, the electron propagation through the superlattice occurs in a waterfall fashion
with multiple cascades. Radiative transition occurs in each cascade, also known as a QCL stage.
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Figure 4. a) Single quantum well and the two supported eigenstates located at their respective eigenenergy. b) The case
when two quantum wells are placed in enough proximity, the degeneracy of eigenenergy is broken resulting in two closely
spaced eigenstates at each energy level. c) Array of quantum wells in enough proximity will form a mini band at each
energy level. d) Schematic of a semiconductor lattice, black area indicates the substrate.

There are two sections in a typical QCL stage: the injector (that also serves as an extractor)
and the active region where radiative electron transition occurs, Figure 5. The role of the ground state
of the injector is to feed the upper laser level of the active region with electrons (via tunneling through
the injection barrier). Electrons in the active region make radiative laser transition from the upper laser
level to the lower laser level. They subsequently quickly lose their energy through (nearly resonant)
interaction with lattice vibrations, primarily longitudinal optical (LO) phonons. Electrons then
thermalize in the downstream injector and the processes is repeated in the next stage. Voltage defect
Δ in the range from 100 to 180 meV is typically used to suppress carrier backscattering to the lower
laser level. Figure 6 is a scanning electron microscope image of QCL superlattice, clearly showing its
periodicity.
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Figure 5. Conduction band schematic of a QCL active region when subjected to an electric field. g is the ground state of
the injector, it feeds electrons into the upper laser level 4, electrons decay to level 3 emitting a photon of energy ℏ𝜔. Levels
2 and 1 depopulate laser level 3 through interaction with lattice vibrations (phonons). Electrons then tunnel throughout
the injector region to reach the ground state of the next stage, where the process is repeated.

Figure 6. Scanning electron microscope (SEM) image of the active region of a QCL. The nearly horizontal dark lines
represent the interfaces between each QCL stage, the active region pictured comprises 15 stages.
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2.2 QCL Modeling
The laser designer goal is to adjust energy level positions to achieve a targeted emission
wavelength, maximize upper laser level lifetime, minimize lower laser lifetime, prevent carrier escape
from the upper laser level, and minimize carrier backscattering to the lower laser level. The adjustable
parameters in the laser design are quantum wells and barriers thicknesses, material composition,
applied electric field, and doping. To determine the electron energy levels and wavefunctions
supported by a specific superlattice under applied electric field, the time independent Schrödinger
equation must be solved:
ℏ 𝜕2 Ψ(𝑧)

− 2𝑚

𝜕𝑧 2

+ [𝑉(𝑧) − 𝐸]Ψ(𝑧) = 0

(1)

where ℏ is the reduced Planck’s constant, 𝑚 is the effective electron mass and 𝑉(𝑧) is the shape of
the conduction band of the semiconductor heterostructure under applied bias.
A numerical method used to find the wavefunctions Ψ(𝑧) and energy 𝐸 values for a specific
𝑉(𝑧) profile is the so-called shooting method. For this purpose, the second derivative is approximated
using the finite differences approach. Equation (1) then takes the form [105]:
2𝑚

Ψ(𝑧 + 𝛿𝑧) = [ ℏ2 (𝛿𝑧)2 (𝑉(𝑧) − 𝐸) + 2] Ψ(𝑧) − Ψ(𝑧 − 𝛿𝑧)

(2)

here, 𝛿𝑧 is an infinitesimal step along the growth direction. Equation (2) establishes that with
wavefunction values known at two nodes (𝑧 and 𝑧 − 𝛿𝑧), its value at the next node 𝑧 + 𝛿𝑧 can be
calculated. Once the wavefunction is known at a third location, its value at a fourth location can be
found using the third and second location values and so on. This iterative process continues until the
full wavefunction is known for a particular energy value. For a “wrong” energy value, the error during
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this iterative process accumulates and wavefunction values for the final nodes in this sequence diverge.
When a “correct” energy value is “guessed”, their values are close to zero.
Figure 7 is an exemplary band diagram that captures position of energy levels and normalized
squared wavefunctions under applied electric field. The wavefunctions are anchored at corresponding
energy levels. The laser transition occurs between the upper laser level 4 and lower laser level 3. The
energy level labeled as g is the ground state of the injector and its purpose is to inject electrons into
the upper laser level 4. Laser level 3 is depopulated by a nearly resonant LO phonon scattering,
primarily into the energy level 2. Electrons may also get scattered to the parasitic level 5, which is an
undesirable process as it lowers injection efficiency for the upper laser level. The carrier escape
increases threshold current density and reduces slope efficiency. To suppress scattering to level 5,
energy spacing E54 should at least exceed 60meV and the best QCL designs have E 54 ~ 90 meV. Also,
to suppress carrier escape to continuum, band offset should be at least 2.5 times larger than the laser
transition energy E43. This demands employment of strain-balanced laser core for MWIR QCL
designs.
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Figure 7. Energy diagram of a QCL stage when the appropriate electric field is applied. Highlighted are the representative
laser levels. Laser transition occurs between upper laser level 4 and lower laser level 3. The energy level labeled as g is the
ground state of the injector and its responsibility is to inject electrons into laser level 4. Laser level 3 depopulates by phonon
scattering into lower energy levels, 2. Scattering and tunneling process oversee the transport of electrons to the ground
state of the injector in the next stage. The process is repeated as many times as available stages. Electrons may jump to
level 5 when thermally activated, during high temperature operation of QCLs.

2.3 Rate Equations
Quantum cascade laser characteristics for a specific laser core design can be estimated using a
simple three laser level system, Figure 8. Electrons are injected from the ground state of the injector
into the upper laser level n = 3 (as opposed to level 4 for a more realistic band diagram in Figure 7) at
a rate 𝑗/𝑒. Electrons scatter from this state to the lower n =2 and n = 1 with rates 1/𝜏32 and 1/𝜏31.
Electrons may also escape into the continuum states with a rate 1/𝜏𝑒𝑠𝑐 . The lifetime of state n = 3 is
then given by:
1
𝜏3

1

1

1

32

31

𝑒𝑠𝑐

= 𝜏 +𝜏 +𝜏
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(3)

Figure 8. Three level laser system used to analyze a single stage of a quantum cascade laser. Electrons are fed into the
upper laser level through the injector state, then decay to lower laser level 2 radiatively or non-radiatively. Electrons in
laser levels 2 and 1 are then extracted towards the injector state of the next active region stage.

To account for the thermally activated backscattering process, the following term is added to
the rate equation, shown below:
Δ

𝑛2,𝑡ℎ𝑒𝑟𝑚 ≈ 𝑛𝑔 𝑒 −𝑘𝑇

(4)

where Δ is the energy difference between the lower laser level and the ground state of the injector and
𝑛𝑔 is the doping density of the injector. The rate of carrier population in the laser levels and the photon
density change is written as:
𝑑𝑛3
𝑑𝑡

𝑑𝑛2
𝑑𝑡

𝐽

𝑛

= 𝑒 − 𝜏 3 − 𝑆𝐺(𝑛3 − 𝑛2 )
3

𝑛

= 𝜏 3 + 𝑆𝐺(𝑛3 − 𝑛2 ) −

𝑛2 −𝑛2,𝑡ℎ𝑒𝑟𝑚
𝜏2

32

𝑑𝑆
𝑑𝑡

=

𝑐
𝑛𝑒𝑓𝑓

[𝐺(𝑛3 − 𝑛2 ) − 𝛼𝑡𝑜𝑡 ]𝑆.
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(5)

(6)

(7)

In the above coupled equations, 𝑐 is the speed of light 𝑛𝑒𝑓𝑓 is the effective refractive index of
the active region, 𝛼𝑡𝑜𝑡 is the total loss, 𝐺 is the gain cross section for each stage defined as [46]:
2
𝑧32

4𝜋𝑒 2

𝐺 = Γ𝑔 = 𝜖

0 𝑛𝑒𝑓𝑓 2𝛾32 𝐿𝑝

(8)

2𝛾32 is the full width hall maximum (FWHM) of the electroluminiscence of a radiative transition from
level n = 3 to n = 2 that is largely determined by epi-growth quality, 𝑧32 is the matrix element for the
laser transition, and 𝐿𝑝 is the length of the active region. The laser system below threshold current
(𝐼 < 𝐼𝑡ℎ ) is found by setting all time derivatives and photon flux to zero and solving for J, the
threshold current density is found to be:
𝐽𝑡ℎ =

𝑒𝑛2,𝑡ℎ𝑒𝑟𝑚
𝜏𝑒𝑓𝑓

𝑒𝛼

+ 𝐺𝜏 𝑡𝑜𝑡

𝑒𝑓𝑓

(9)

the effective lifetime is defined as 𝜏𝑒𝑓𝑓 = 𝜏3 (1 − 𝜏2 /𝜏32). Above threshold, the population inversion
is constant, but the photon flux is not zero. From Equations (4)-(6), by solving for S and differentiating
over J, the slope efficiency is found to be:
𝑑𝑃
𝑑𝐼

𝑑𝑆

= ℎ𝜈𝑁𝑠 𝛼𝑜𝑢𝑡 𝑑𝐽 =

ℎ𝜈𝑁𝑠 𝛼𝑜𝑢𝑡
𝑒

𝜏𝑒𝑓𝑓

𝛼𝑡𝑜𝑡 𝜏𝑒𝑓𝑓 +𝜏2

( 10 )

𝛼𝑜𝑢𝑡 is the loss of the out-coupler and 𝑁𝑠 is the number of laser stages.
Equation 8 and 9 show that threshold current density and the slope efficiency depend on basic
laser design parameters, such as scattering rates and matrix elements, that can be determined using
energy values and wavefunctions found by solving Equation (1).

2.4 Waveguide Structure
The waveguide confines and guides light emitted in the laser core. A waveguide is formed
when a material with a high refractive index is sandwiched between materials with a lower refractive
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index. High performance MWIR and LWIR QCLs typically have all-InP cladding. InP has refractive
index equal to ~3.1. Refractive index for the laser core, in turn, is taken as weighted average of indices
for quantum wells and barriers, Figure 9. It is approximately equal to 3.2. An exemplary near field
intensity distribution along the central dashed line is shown in Figure 10. The discontinuities at each
interface are due to boundary conditions for emitted TM-polarized light.

Figure 9. Weak guiding waveguide for the refractive index approximation. Vertical lines on the left side mark the direction
along which the refractive index is averaged. Right side shows the average refractive index from left side, notice the
reduction in average refractive index for active regions with reduced number of stages. This reduction acts as a mode cut
off for higher order modes in such geometry.

The 2D waveguide problem can be solved using the effective refractive index approximation.
In this case, effective refractive indices are first determined along the vertical waveguide cross sections
shown with dashed lines in Figure 9, left. Lateral waveguide problem is then solved using their values,
as shown in Figure 9, right. This results in a weak lateral waveguide (weak-guiding) in the case of QCLs
with reduced number of stages, which favors lower order modes (i.e. higher beam quality).
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Figure 10. Near field intensity distribution of a weak-guiding optical waveguide.

The longitudinal waveguide is formed by depositing an HR-coating on the back laser facet
(Mirror 1 in Figure 11) and a partially reflective coating on the front laser facet (Mirror 2). Generated
photons travel along the waveguide and are reflected from the mirrors, stimulating new radiative
electron transition in the laser core. Lasing occurs when the optical gain is equal to the total loss, ,
for each roundtrip. The total losses have contributions from free carrier absorption in highly doped
layers, coupling to plasmon mode at the semiconductor/metal interface, intersubband losses, sidewall
roughness, and mirror losses. For the Fabry-Perot waveguide shown in Figure 11, the mirror losses
can be found with the expression:
1

𝛼𝑚𝑖𝑟𝑟𝑜𝑟 = 2𝐿 ln 𝑅

1

1 𝑅2

( 11 )

where 𝑅1 and 𝑅2 are the reflectivities of mirror 1 and mirror 2, respectively, and L is the length of
the laser cavity.
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Figure 11 Optical waveguide for a typical QCL top and bottom cladding are formed with InP and the active region with
quantum wells and barriers of GaxIn1-xAs/ AlxIn1-xAs ternary compounds. The interface between semiconductor and air
forms partially reflective mirrors that provide optical feedback.

2.5 Processing and Packaging
The quality of QCL wafer processing, particularly in the case of lasers with a distributed
feedback grating, is critical for achieving a high laser performance. Processing is divided into three
main steps: Grating formation, ridge waveguide definition, and electrical contact deposition. We
discuss laser fabrication in detail next as a number of new wafer processing techniques were developed
in this work.
First, to form a first order grating with minimum dimensions of ~ 200 nm followed by a
second order grating with minimum features of about ~ 440 nm, the correct charge dose to fully
develop features for both gratings (without over developing the former one and under developing the
latter) was found by scanning the dosage until the best range of parameters was found. We determined
that for the best results, the development process has to be done in multiple short steps (~ 3 seconds
each) with a diluted developer solution. This modification allows both gratings to be fully developed
without either grating collapsed or under developed.
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In addition, a new dry etch technique based on Cl2 was developed. It was demonstrated that
Cl2 based plasma etch is more efficient than other chemistries for etching fine-pitch InP-based
materials [106]. Based on these demonstrations a recipe based on Cl2/Ar/N2 able to etch the active
region of QCLs was developed. In our recipe, the temperature was set to 180 C, close to the max
allowed for the tool, the coupled plasma power was set to 400 W (also limited by the machine), the
ratio Cl2/N2 was varied, and test samples were etched until a good recipe was found. The best results
were obtained with a ratio Cl2/N2 of 3.5 that was subsequently used to demonstrate functional QCL
devices as described below. It is important to note that during the etch development process we
determined that a good thermal contact between the wafer and the holder is of critical importance.
To improve thermal contact, thermal paste was applied at the wafer/holder interface, followed by a
10 min hard bake before the etch. Ultimately, we were able to achieve a mirror like surface.
Another step included in our standard QCL process is the incorporation of thick electroplated
gold. This gold layer allows for a better thermal conductivity of the device and reduced damage during
epi-down bonding process. The electroplating process development is based on a sulfite gold solution.
Our samples were initially aligned perpendicular of the solution agitation flow. However, given our
set up, it was not possible to maintain perfect sample orientation during the process. To avoid nonplanarity for electroplated gold layer, the plating was subsequently done in 4 steps. Non-planarity was
analyzed for each step using a profilometer and sample orientation was changed to improve
morphology.
The overall (modified) wafer fabrication process was as follows. Wafer is first dipped in
buffered oxide etch (BOE) to remove native oxides then it is transferred to a plasma enhanced
chemical vapor deposition chamber (PECVD) and a thin (~150 nm) silicon nitride (Si3N4) is
deposited. The purpose of this layer is to act as a hard mask for the subsequent etch step. Grating
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pattern is defined with electron beam lithography (EBL): wafer is spin-coated with poly (methyl
methacrylate) (PMMA), then placed in a hot chamber for 120 seconds at 180 C to end up with a
PMMA film of about 600 nm. Wafer is then placed in the EBL chamber and the pattern is directly
written on the wafer with a dose between (300 – 500 C/cm2). The sample is then developed using a
Methyl isobutyl ketone/propanol solution.
Grating pattern is subsequently transferred to the Si3N4 hard mask by reactive ion etch (RIE)
based on CF4:O2. We determined that it is important to consider the selectivity of the etch recipe to
avoid over etching the PMMA soft mask. Once the grating pattern has been transferred to the Si3N4
hard mask, the sample is prepared for the subsequent semiconductor etch. Five minutes of oxygen
plasma and a 30 second dip in phosphoric acid and deionized water solution are carried out before
placing the wafer in etch chamber.
The InGaAs/InP grating layers are etched using an inductively coupled plasma (ICP) RIE
process based on methane, argon, and hydrogen (CH4/Ar/H2). This etch chemistry has a low etch
rate (~50 nm/min), which is desired to achieve a good control over etch depth. The etch depth is
tracked by profilometer over alignment marks defined on the wafer. After etching, the sample is
cleaned with O2 plasma to remove etch byproducts. An exemplary scanning electron microscope
(SEM) image after grating formation is shown in Figure 12. Grating parameters for this processing
run were the following: period = 640 nm, duty cycle = 40 % and etch depth = 600 nm.
The ridge waveguide formation begins with the deposition of a thick (2400 nm) layer of silicon
dioxide (SiO2) by PECVD, Figure 13. The pattern containing the double channel ridge waveguides is
defined on the wafer with photolithography as follows: Hexamethyldisilazane adhesion promoter is
applied to the wafer. Then a positive tone photoresist AZ-9260 is spin-coated at 4500 rpm for 60
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seconds, followed by a soft bake at 100 C. Thickness after soft bake is ~6 m. Wafer is aligned with
a photomask and photoresist is exposed with a 90 mJ/cm2 dose. Ridge pattern is finally developed in
AZ 400K solution. The transferred pattern is schematically shown in Figure 14 a).

Figure 12 Scanning electron microscope image of a processed Bragg grating after being transferred to the top layers of a
QCL structure.

Figure 13 a) Schematic of a piece of wafer to show the grating after is has been etched into the semiconductor. The
standard pitch between devices is 400 m. b) Wafer after a thick layer of SiO2 has been deposited.
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The photolithographically defined patter is then transferred into the SiO2 mask by CF 4:O2
based RIE (Figure 14b). Here, the thick photoresist protects the mask from over etching. The next
step is to transfer the ridge waveguide pattern into the semiconductor. The etch depth of about 8 m
is impractical to achieve with CH4/Ar/H chemistry. Also, the active region has compounds that
cannot

Figure 14. Ridge formation pattern photolithographically defined. b) Pattern transferred to the SiO 2 hard mask.

be etched with it. However, chlorine-based chemistries have faster etch rates with a mirror-like quality
sidewalls. Therefore, a recipe based on Cl2/CH2/Ar is used for this step instead. The selectivity with
the mask is 10/1. Therefore, the thick layer of SiO 2 can withstand the etch process. Following the
etch, SiO2 is removed by dipping the sample in BOE. The schematic of the formed ridge is shown in
Figure 15 b).
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Figure 15. Ridge waveguide etched into the semiconductor. b) Waveguide formed and ready for the subsequent step.

In a QCL, current is selectively injected into the highly doped InGaAs of the ridge along the
full device length. The process for metal contacts formation is as follows: the ridge waveguide is coated
with a dielectric material to insulate the top cladding from the bottom cladding. Si3N4 is the best choice
for the MIR given its low losses in this spectral range. The dielectric layer of Si 3N4 with 360 nm in
thickness is deposited by PECVD, as shown in Figure 16 a). An opening in the nitride (5 m wide) is
defined with photolithography using either negative or positive photoresist, depending on the polarity
of the available mask (Figure 16 b). After opening definition, the dielectric is selectively removed from
the top of the ridge with RIE, followed by photoresist removal (Figure 17 a).

Figure 16. Schematic of the dielectric layer deposition. b) opening on top of the ridge defined by photolithography.
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Figure 17. Dielectric selectively etched from the top of the ridge. b) Ti/Au metal layer deposited everywhere to form
electrical contact.

Photolithography with negative lift-off photoresist (NR77-3000PY) is used to define areas for
electrical contacts. This process includes spinning of photo resist at 3000 rpm for 60 seconds, soft
bake at 150 C for 60 seconds, exposure at 450 mJ/cm2, post bake at 100 C for 180 seconds and
development. Before metallization, the sample is subjected to an oxygen plasma treatment to remove
any organic contaminant. It is then dipped in BOE to remove the oxidation caused by treatment and
finally is placed in the evaporation chamber within one hour to avoid any oxidation of the top layer
and degradation of the electric contact. A layer of 10 nm of titanium (Ti) followed by 300 nm of gold
(Au) are deposited by thermal evaporation. Sample is then dipped into resist remover. Figure 17 b) is
a schematic of a processed QCL with a grating at one end. After the top contact has been fabricated,
thick gold is electroplated, and the wafer thickness is reduced to about 200 m by means of mechanical
polishing to simplify wafer singulation into chips. After lapping is done, sample is subjected to an
oxygen plasma treatment and a fast BOE dip before it is transferred to the evaporation chamber where
Ti/Au metal contacts are deposited.
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2.5.1 Packaging
After the wafer has been processed, chips are cleaved from the wafer using a scriber/breaker.
They are subsequently pre-screened in pulsed mode with a low duty cycle short pulses. Best devices
are then selected for die bonding. Chips are mounted epitaxial side down on AlN submounts with
AuSn solder and then wire bonded. Mounted devices are tested again using the same current
parameters. Once tested, best chips-on-submounts are soldered to gold coated copper heat spreaders
with In solder and wire bonded to a PCB board. At this stage, devices are ready for high duty cycle
and/or CW characterization.
Having good control of gaps at each interface during the packaging process is critical for CW
operation: A poor contact between submount and heat spreader leads to a poor heat removal from
the laser core.
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CHAPTER 3 POWER SCALING FOR BAND IVA QCLS
Band IVa (3.6- 4.2 µm) is an infrared spectral region with low atmospheric losses. It is
therefore of utmost importance for DIRCM applications. Figure 1 shows that QCL performance
quickly reduces as emission wavelength reduces below 4.5 µm. The low performance can at least partly
be explained by increased carrier escape from the upper laser level for short-wavelength QCLs with a
larger laser transition energy. Since efficiency and power for traditional Band IVa QCL is limited,
power scaling with device dimensions should be explored to make these devices more suitable for
DIRCM applications. CW operation had not been demonstrated for broad-area Band IVa QCL prior to this work.

3.1 Prior Work on Longer Wavelength (4.5 to 5.7 m) Broad Area CW QCLs
Since this work stems from our earlier work on broad-area QCLs emitting in the range from
4.5 µm to 5.7 µm, we briefly discuss the earlier results at longer wavelength first.
The broad area configuration for QCLs with reduced number of stages offers the capability
to increase laser brightness under CW operation. The reduced thermal resistance for devices with a
reduced number of stages allows for a better heat dissipation in the laser core, significantly decreasing
the maximum laser core temperature in CW or QCW modes of operation [107]. Reduction in number
of active region stages is accompanied by an (undesirable) proportional decrease in slope efficiency
[108]. These structures are then re-designed to have an increased laser dynamic range [107]. This is
achieved by enhancing coupling between the active region and downstream injector of the stage and
by increasing average stage doping [53].
The ability to predict CW QCL performance for a configuration based on a given active region
stage design can serve as a useful tool for the optimization of QCL performance without the need to
fabricate and test each proposed structure. QCL device optimization from first principle is an
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extremely difficult computational (and still largely impractical) task. However, it is possible to estimate
QCL performance for different laser configurations based on a known active region design using
measured pulsed parameter as input. These parameters are the following: characteristic temperatures
capturing threshold current density and slope efficiency dependence on temperature (T 0 and T1,
respectively), waveguide losses αw, transparency current density Jtr, injection efficiency for the upper
laser level ηi, and sub-linearity of a pulsed power vs current density. Such a semi-empirical model [109]
is a helpful tool to project CW LI characteristics for devices with arbitrary configurations (variable
cavity length, number of stages, doping, ridge width, etc.) based on the same fundamental stage design.
In this method, Jtr, g, αw, and ηi are first determined using the so-called 1/L method (variation
in laser characteristics with change in cavity length). Experimental data for temperature behavior for
laser threshold and slope efficiency is then used to extract characteristic temperatures T 0 and T1. These
six parameters characterize a specific stage design and are subsequently used to project CW laser
characteristics for various laser configurations.
The next step is the waveguide modelling. The COMSOL Multiphysics platform is used to
simulate the two-dimensional waveguide cross section. The imaginary part of a computed mode helps
to estimate the waveguide loss 𝛼𝑤 = 4𝜋𝜅/𝜆0 due to field interaction with doped layers and metal.
The model also helps to determine the so-called Gamma Factor (Γ), percentage of field overlapping
with the core.
Using calculated Gamma and losses, the threshold current can be determined using:
𝐼𝑡ℎ,𝑝𝑢𝑙𝑠𝑒 = 𝑤𝐿 (𝐽𝑡𝑟 +

𝛼𝑀 +𝛼𝑊𝐺
Γ𝑔

)

( 12 )

where the active region width is defined as 𝑤 and device length as 𝐿. This is a modified form of
Equation 9.
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Figure 18. TM00 mode supported by the QCL optical waveguide. Shown is the electric field computed with mode analysis
solver in COMSOL Multiphysics.

Above threshold, pulsed power scales linearly with current and slope efficiency near threshold
and can be calculated using Equation 9. Due to carrier escape from the upper laser level, slope
efficiency has a non-linear trend under strong bias (close to roll-over of the LI curve). To account for
this behavior, slope dependence on bias is approximated with an envelope function that (again)
depends on stage design. Maximum power is then projected by integrating the slope efficiency from
threshold current to a given current while applying the envelope [109]:
𝐼

𝑃𝑝𝑢𝑙𝑠𝑒 (𝐼) = 𝐶𝑒𝑛𝑣 ∫𝐼

𝑡ℎ,𝑝𝑢𝑙𝑠𝑒

𝜂𝑆,𝑝𝑢𝑙𝑠𝑒 𝑑𝐼.

( 13 )

The pulsed power projection model is then linked to a COMSOL 2D thermal simulation using
the heat transfer module assuming Joule heating as the only heat source. CW threshold current and
slope efficiency are given by:
𝐼𝑡ℎ,𝑐𝑤 = 𝐼𝑡ℎ,𝑝𝑢𝑙𝑠𝑒 𝑒

𝑇−𝑇𝑖
𝑇0
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( 14 )

𝜕𝑃
𝜕𝐼

𝑇−𝑇𝑖

= 𝜂𝑆,𝑝𝑢𝑙𝑠𝑒 𝑒 −𝑇1

where 𝐼𝑡ℎ,𝑐𝑤 is the CW threshold current,

𝜕𝑃
𝜕𝐼

( 15 )

is the current dependent component of CW slope

efficiency, and 𝑇𝑖 is the heat sink temperature. The amount of heat generated when driving the laser
in CW is introduced as steady state temperature as a function of driving current. The change of power
as a function of injected current is computed by introducing a current-dependent temperature change
term. The total derivative change of power with the pump current is defined as [109, 110]:
𝑑𝑃
𝑑𝐼

=

𝜕𝑃
𝜕𝐼

𝜕𝑃 𝜕𝑇

+ 𝜕𝑇 𝜕𝐼 .

( 16 )

The first term is taken as the partial derivative with respect to current at threshold as defined
in Equation (15). The numerical derivative of the COMSOL calculated temperature is used to compute
𝜕𝑇
𝜕𝐼

. The partial derivative of power with respect to temperature is found as:
𝜕𝑃
𝜕𝑇

𝜕

𝜕𝑃

= 𝜕𝑇 [ 𝜕𝐼 ∗ (𝐼 − 𝐼𝑡ℎ,𝑐𝑤 (𝑇))].

( 17 )

The linear portion of the voltage (required to project injected electrical power) is approximated
by a linear model on current density given by a voltage offset, 𝑉0, and a differential resistance, 𝑅𝑑 , that
is proportional to the number of stages. The injected electrical power is the product of voltage across
the device and injected current, where the voltage is given as:
V = 𝑁𝑠 (𝑉0 + 𝐽𝑅𝑑 )

( 18 )

given the anisotropy in thermal conductivity, the active region is assigned with a cross plane thermal
conductivity, 𝑘⊥, and an in plane thermal conductivity, 𝑘∥ .
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Figure 19 shows that the CW power projection model accurately captures laser core heating
for 15-stage 5.7µm BH devices with different ridge widths. The power increase for ridge width
increasing from 10.4µm (~1.7W) to 21.2µm (~2.4W) was the first power scaling demonstrated (by
our group) for QCLs. Historically, it was assumed that the broad-area configuration is unsuitable for
QCL CW operation.

Figure 19. Projected and measured CW power vs current characteristic for 10.4 m (blue), 21.12 m (purple), and 31.0
m (red), devices. Dotted curves are form experimental data and solid ones are from model projections.

3.1.1 Model extension to QCW Mode Operation
The CW model described above can be extended to QCW operation with a high duty cycle
and/or long pulses. The maximum average optical power of a QCL can be increased when the laser
is operated in a quasi-continuous wave mode (QCW) operation. Similar to CW operation, increased
average power is beneficial for applications such as IRCM and hyperspectral imaging to increase
operational range [111]. In short duty cycle mode of operation, core temperature is considered
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constant and equal to the heat sink temperature. However, in QCW mode of operation, where duty
cycle is in the range from 5 to ~100 %, heating of the laser core has to be taken into account.
Modelling shows that the steady state temperature of the laser core is reached in about 100
ms. However, up to 80 % of laser core heating is achieved in the first few hundred nanoseconds
following laser turn on. Cooling cycle happens on the same time scale with most heat being removed
from the laser core in the first few hundred nanoseconds.
Modeling of QCW laser characteristics starts with building a look up table for laser core
temperature as function of laser current and pulse duration 𝑇(𝐼, 𝑡). Laser threshold in steady-state can
then be determined using:
𝐼𝑡ℎ𝑖+1,0 = 𝐼𝑡ℎ𝑖,0 𝑒

𝑇𝑖+1,0 −𝑇𝑖,0
𝑇0𝑖+1,0

( 19 )

The evolution of the threshold current in the time domain as the pulse evolves is evaluated as:
𝐼𝑡ℎ𝑖,𝑗 = 𝐼𝑡ℎ𝑖,𝑗 𝑒

𝑇𝑖,𝑗+1−𝑇𝑖,𝑗
𝑇0𝑖,𝑗+1

( 20 )

In the above equations the superscripts i and j refer to current and time variables, respectively.
Offsets to the current threshold and slope efficiency are applied to account for its instantaneous
values, for low duty cycle operation the offset is selected close to the end of the pulse while for high
duty cycle the offset is close to the beginning of the pulse thus resulting in effective current threshold
and slope efficiency. Figure 20 shows the projected and measured LI curves for a QCL with 3.15 mm
x 21.7 m emitting at 5.7 m. The model accurately predicts the enhancement of maximum average
power delivered by the QCL as the duty cycle increases and can be used as a tool for designing high
performance devices with high average power.
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Figure 20. QCW model projections for QCLs. The model accurately predicts device performance for duty cycle starting
at 2 % up to CW.

3.2 First Experimental Data on Broad-Area Band IVA QCLS
In this section, the first experimental results for short-wavelength broad area QCLs are
presented. The QCL structure was grown with MBE on an InP substrate with Si doping (1 x 10 17 cm) and started with a 1.5 m InP (1 x 1017) layer followed by 1.5 m InP (3 x 1016), the active region

3

comprises 20 (baseline) stages on top of it a 1.5 m InP (3 x 1016) followed by 1.2 m InP (1 x 1017),
then a highly doped 0.8 m InP (8 x 1017) layer and finally a 200 nm cap layer of InGaAs with high
doping for electrical contact. The wafer was processed in ridge waveguides of nominal width of 20
m following the fabrication steps described in section 2.4.
An SEM image of a representative device is shown in Figure 21. Wafer was cleaved into
devices of different lengths, The were subsequently mounted on AIN submounts and HR-coated.
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Lasers were first tested in pulsed mode with pulses of 600 ns at 10 kHz repetition rate. Power was
collected with an infrared thermopile sensor placed directly in front of the laser.

Figure 21. Scanning electron microscope picture of ridge waveguide broad area QCL.

Power, current, and voltage characteristics from a 5 mm x 20 m device are shown in Figure
22. The pulsed performance was very promising: We measured low current threshold density of 2.075
kA/cm2, high slope efficiency 𝜂𝑠 = 1.915 W/A and maximum peak optical power of 4.562 W
(resulting in a WPE of ~9.6 %). Despite the low number of stages, this is a high laser performance,
particularly for short-wavelength QCLs.
The spectrum of the devices was taken with a Fourier transform infrared (FTIR) spectrometer
by collimating the output beam and guiding the optical signal to the entrance window of the FTIR.
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Figure 22. Power current and voltage characteristics from a Band IVa broad area QCL in pulse mode operation.

Spectral data shows that the emission wavelength is very close at 4.04 m to its design value
(Figure 23).

Figure 23. Spectrum of a broad area QCL of 5 mm x 20 m, data taken under pulsed mode current injection using pulse
width of 500 ns and 40 kHz repetition rate. Pump current is 2.25 A at room temperature.
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3.2.1 Temperature Dependence
As in the case of other semiconductor lasers, laser core temperature rising in QCLs is
detrimental for laser performance. Thermal effects of a specific core design are described in terms of
characteristic temperature T0 and T1. T0 is measured by fitting the exponential behavior of the current
threshold density as the heat sink temperature is increased, current threshold increases as the
temperature does. T1 is found by fitting the exponential trend of the slope efficiency as the temperature
is increased, slope efficiency decreases with the temperature increase. The expression for current
threshold density is similar to Equation 14 and both have the form:
𝐽𝑡ℎ (𝑇) = 𝐽𝑡ℎ (𝑇𝑖 )𝑒

𝑇−𝑇𝑖
𝑇0

𝑇−𝑇𝑖

𝜂𝑆 (𝑇) = 𝜂𝑆 (𝑇𝑖 )𝑒 −𝑇1

( 21 )

( 22 )

The characteristics temperatures obtained for the described structure are shown in Figure 2,

Figure 24. Characteristic temperature measurement for the Band IVa broad area QCL.
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The threshold current characteristic temperature was measured to be 155 K, while the slope
efficiency characteristic temperature was 165 K. These values are lower (but still comparable) to those
for longer wavelength QCLs structures.

3.2.2 Measuring Structure Basic Parameters
The design of the active region is characterized with measurements of power vs current for a
set of devices with different lengths. From Equation 11, mirror losses are inversely proportional to
cavity length L. As described in the previous sections, parameters characterizing fundamental stage
design can be extracted from such experimental data. Figure 25 shows the measured 1/L data.
Corresponding parameters characterizing stage design were the following: transparency current
density 𝐽𝑡𝑟 = 0.75 𝑘𝐴/𝑐𝑚2, differential gain 𝑔 = 2.52 𝑐𝑚/𝑘𝐴, injection efficiency 𝜂𝑖 = 31.8 %,
and waveguide loss 𝛼𝑤 = 0.39/𝑐𝑚.

Figure 25. So called 1/L measurements for the Band IVa 20 stages design. Solid squares represent experimental data points
and solid lines are the fits with their respective linear relationship.
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3.3 First CW operation of Band IVa BA QCLs
The HR-coated ridge-waveguide S43 devices were soldered to microchannel heat spreaders
using Indium solder. As mentioned earlier, gaps at the submount/heat spreader interface have to be
avoided since they increase the effective thermal resistance of the packaged device, leading to poor
CW performance (or worst, impede CW operation). Microchannel heat spreaders offer the advantage
of a low thermal resistance due to water flowing very close to the top surface of the device.
The first demonstration of CW broad area Band IVa QCLs along with model projections are
shown in Figure 26. The projected current threshold is 2.04 A and the maximum output power
projected is 0.60 W. Comparatively, the measured current threshold is 2.02 A and measured maximum
power is 0.59 W. The good agreement between experimental results and projected data demonstrates
that the model can be used to optimize laser configuration to enhance Band IVa QCL power.

Figure 26. CW performance of a broad area QCL in the Band IVa spectral region.
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3.4 Optimization of BA QCLs: T0 and T1
Thermal dependence of threshold current density and slope efficiency is described in terms of
the characteristic temperatures T0 and T1, respectively. These temperatures depend on fundamental
stage design and can be changed by changing, for example, the voltage defect and carrier leakage.
Higher characteristic temperatures improve laser performance. However, it is typically difficult to
optimize both at the same time and it is important to quantify their impact on laser performance,
For this, their values were varied in a wide temperature range while keeping the rest of the
input laser parameters unchanged. Maximum projected CW power as function of the two
characteristic temperatures is shown in Figure 27.

Figure 27. Projected maximum CW optical power for a 16 m wide ridge waveguide device and 5 mm cavity length. Both
characteristic temperatures are varied from 100 K to 1000 K.
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As shown in Figure 27, the influence of T0 on maximum CW optical power is higher: its values
in the range from 100 K to 150 K result in projected power less than 0.5 W, no matter how high the
value of T1 is. It is possible to increase T0 to at least 250K, as demonstrated in [112]. Assuming a
realistic achievable value for T1 of about 700 K, the maximum projected power for otherwise the same
laser configuration can exceed 2.5 W, which would be a world record in this spectral range.
Based on the modelling results presented above, we are now working on a new shortwavelength laser design with 150% doping level, 15 stages, and the highest possible T0 value. The
latter can be achieved by increasing voltage defect and improving spatial overlap between the active
region and downstream injector.

3.5 Optimization of Doping and Number of Stages
One of the biggest disadvantaged of reducing the number of stages in broad area QCLs is the
reduction in slope efficiency. Given the enhanced thermal conductivity along the growth direction,
BA design can support higher input electrical power, while still keeping laser core temperature
relatively low. The laser core doping level influences the ability of the structure to support high current
density.
To understand the influence of the number of stages and the doping level on maximum CW
power for Band IVa QCLs, we varied both in a wide range assuming an HR-coated 16 m x 5mm
laser cavity. Simulation results are shown in Figure 28 (note that 100 % of doping implies the doping
level used on the S43 design).
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Figure 28. Dependence of maximum CW optical power for a BA Band IVa QCL of 16 m x 5 mm as the number of
stages and doping level are swept. T0 and T1 used for this model are 155 K and 165 K respectively.

It is important to notice how the maximum CW output power varies as the number of stages
is swept for a given doping level. For example, at 100 % doping level (actual doping used for this
structure), the highest power of 1.05 W is reached at 16 stages. As the number of stages increases, the
maximum optical power reduces and for 26 stages it is only equal to 0.70 W (34 % lower than that for
16 stages). These results demonstrate the detrimental effect of laser core heating on QCL CW
performance. The overall maximum CW power of ~1.2 W for this specific device is found at 150 %
doping (50 % more) and 14 stages. Results presented in Figure 28 could be used to maximize the CW
optical power of a given structure without modifying the actual structure design by removing/adding
stages and increasing/reducing doping.
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CHAPTER 4 BEAM QUALITY CONTROL FOR
BROAD-AREA QCLS
The broad area configuration discussed above was demonstrated to be an effective method
for scaling QCL CW output optical power with lateral device dimensions. However, wide waveguides
can support higher order modes, which reduces beam quality and also reduces laser brightness. Broadarea QCLs can have a multi lobed field pattern, which is incompatible with practical applications [113,
114].
The figure of merit (FOM) concept was first introduced in [113] to explain the dominance of
high order TM modes over lower order modes in QCLs. In that work, the FOM was defined as the
sum of mirror loss and waveguide loss divided by the confinement factor. The mode with the lowest
FOM was predicted to be the dominant for the corresponding laser configuration. These projections
were in agreement with experimental data for near-field distribution for QCL studied in [113].
The same analysis can be applied to predict mode quality for broad-area QCLs with weak—
guiding.

4.1 Relative Figure of Merit Approach for Band IVb
Broad-Area QCLS
Beam quality is crucial for applications requiring long-distance beam propagation. The relative
figure of merit approach allows for beam quality control when various parameters, such as core
thickness, waveguide width, device length, and mirror losses, are varied. In this approach the FOM is
simply normalized to that for the fundamental mode. A mode with the largest RFOM dominates.
Losses contributing to a specific TM mode come from different sources, such as interaction
of optical mode with rough sidewalls, metals, and mirror losses (that are also different for different
modes). Generally, waveguide losses are higher for higher order modes as they have a larger overlap
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with outer (lossy) waveguide layers (due to lower confinement factor). Mirror losses, on the other
hand, could be significantly lower for higher order modes due to a larger effective angle of incidence
on the output facet. They can be computed based on a simple 2D optical ray model where the angle
of incidence of high order modes with the output facet is taken into account [113].
To compute the waveguide losses for each mode supported by a given structure, the
COMSOL Multiphysics platform is used. An exemplary 2D cross section of the model is shown in
Figure 10 and it is assumed to be constant along the length of the laser cavity. The QCL active region
is sandwiched between InP with increasing doping as it moves away from the laser core. The
waveguide is laterally surrounded by semi insulating InP (BH configuration) and the top surface of
the devices is covered with thick gold (~3 um).
After defining the device geometry, refractive indices are assigned to each material forming
the laser waveguide. The Wave Optics Module is used with the “Electromagnetics Waves, Frequency
Domain (EWFD)” physics routine to solve for the mode profile in 2D. Found “physical” TM modes
are then selected. Waveguide losses are estimated with 𝛼𝑤 = 4𝜋𝜅/𝜆0, where  is the imaginary part
of the effective mode index computed by COMSOL for each TM mode and 𝜆0 is the vacuum
wavelength. The vacuum wavelength is assumed at the peak of the gain spectra of the QCL structure.
The computed electric field for each TM is then used to evaluate the optical confinement factor  by
integrating the square magnitude of the electric field in the active region and normalizing it by the
integration over the entire device cross section.
Figure 29 shows RFOM as function of number of stages for an exemplary 5.7µm QCL
structure (earlier work). The first order transversal mode TM00 with RFOM equal to 1 is the only one
supported by the waveguide until the number of stages reaches 20. Above 20 stages, the TM 01 is
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supported by the waveguide, but its overall losses are higher than those for the fundamental mode,
resulting in a lower RFOM. RFOM for the first order mode surpasses that for the fundamental mode
when the number of stages is equal to 36.

Figure 29.Relative figure of merit for a 10 m wide 5 mm long QCL with central wavelength of 5.7 m.

The relative figure of merit for a 20 m device is shown in Figure 30. As expected, the broad
waveguide supports more modes. The second order mode TM01 is supported when the number of
stages is 9, TM00 has the highest RFOM until 23 stages. After 23 stages TM01 takes over. Further
increases in the number of stages favors higher order modes.
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Figure 30. Relative figure of merit for a 20 m wide 5 mm long QCL with central wavelength of 5.7 m.

Results for a 30 m wide waveguide are shown in Figure 31. The same trend continues: as the
waveguide width is increased to 30 m, the cavity supports higher order modes at fewer stages.
Specifically, the TM01 mode is supported with only 6 stages and at 15 stages 4 modes are already
supported. At 21 -25 stages, most of the supported modes compete for lasing. Above 25 stages, the
domination of the highest transversal mode that is available is obvious. These results are well explained
by the rapid decrease in mirror loss for higher order modes, resulting in an overall reduced total loss
[113, 115].
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Figure 31. Relative figure of merit for a 30 m wide 5 mm long QCL with central wavelength of 5.7 m.

We compared experimental and beam quality projections data for a number of different
structures and determined that this simple model very well describes beam quality for devices with
different numbers of stages and ridge widths. In experiment, we start seeing first signs of beam wander
and mode hopping at the point where RFOM are equal for the two lowest order modes.

Figure 32 shows the experimental results for a broad area QCL whose active region comprises
15 stages. The width of the waveguide was measured to be 18 m and the cavity length 3.1 mm. The
single mode operation is predicted with RFOM and experimentally observed in the entire dynamic
range.
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Figure 32. CW LIV characteristics of a 18 m broad area QCL emitting at 4.65 m demonstrated by the Intersubband
Laboratory group. These results are in good agreement with RFOM predictions.

4.2 RFOM Transition to Band IVa Broad-Area QCLs
In the previous sections we presented first CW operation for broad-area short-wavelength
QCLs. The numerical model also predicted that power level exceeding 3 W can be achieved for a 5
mm x 16 µm fully optimized design. It is equally important to understand the range of ridge width
corresponding to laser operation on the fundamental mode.
The RFOM was calculated for a set of three different waveguide widths, 8 m, 12 m, and 16
m. Given the shorter wavelength, the confinement factor is higher compared to that for longer
wavelength structures resulting in the onset of high order modes at a fewer number of stages (Figure
33). For a waveguide with laser core width of 8 m, the TM01 mode is supported starting with 24
stages and the first order mode rapidly takes over as more stages are added to the laser core. It
dominates starting from 32 stages. Compared to the 5.7 m case for a similar width (see Figure 29),
the transition to higher order mode operation happens at a faster rate.
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Figure 33. Relative figure of merit for band IVa QCL structure as a function of number of stages for three different
waveguide widths, the length of the simulated waveguides was kept at 5 mm.

Increasing the width to 12 m allows for the support of a total of 4 TM modes for a 40 stage
active region. In this scenario, the TM01 mode is supported at 18 stages and when the thickness of the
core is increased to 25 stages the first order mode becomes the dominant one. TM02 mode then
becomes the favored to lase and after 36 stages TM03 is the preferred mode to lase.
Finally, for a 16 m wide waveguide, the second order mode is supported at 16 stages and it
becomes dominant at 22. TM01 is supported with only 20 stages and is dominant at 24 stages. TM03 is
then dominant after 28 stages and TM04 is preferred after 35 stages.
To summarize these results, 20-stage S43 is projected to operate on the fundamental mode up
to ridge width of 16 µm.

4.3 Corrugated Sidewall Waveguide for Broad Area QCLs
The experimental and model data presented above demonstrate that number of stages can be
adjusted to achieve a good beam quality for up to ~20 µm wide devices (due to weak-guiding) without
modifying the traditional Fabry-Perot QCL configuration. Suppression of higher order modes for
wider devices is, however, a more challenging task. A number of approaches have been explored to
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selectively add extra optical losses to higher order modes for broad-area QCLs to achieve laser
operation on the fundamental mode. These approaches include the angled cavity [116] and tilted facet
methods [117, 118]. In addition, since higher order modes have larger overlap with sidewalls, adding
selective lateral loss was also shown to result in operation on the fundamental mode [119].
In collaboration with the Naval Research Laboratory, we have recently explored an alternative
approach to improving beam quality for broad-area QCLs, employing corrugated sidewalls. This
approach has been previously applied to Interband Cascade Lasers [120] to selectively add loss to high
order modes and enforce single transversal mode operation. The fundamental mode is tuned with the
grating period according to 𝜆~2𝑛𝑒𝑓𝑓 Λ/𝑚, where Λ is the period and 𝑚 is the order of the corrugation.
In this case, our goal is to achieve additional sidewall scattering for higher order modes, while
minimizing losses for the fundamental mode due to its low overlap with the sidewalls and the fact that
the grating is in resonance with the fundamental mode. Employment of a grating with a long period
dramatically decreases the complexity of fabrication process.
We carried out this experiment with an inventory QCL structure designed to emit at 4.4 m
with core region comprising 20 stages. The grating pattern was transferred with a mask designed by
our collaborators at the Naval Research Laboratory. The ICP/RIE etch based in CL2 was used for
deep vertical etch. After standard processing, chips were cleaved, mounted on submounts, and the
back facet HR was coated before testing.
Testing of the devices was carried out in pulse mode with 600 ns pulses at 0.6 % duty cycle.
20 µm wide devices without corrugation operated on the TM02 mode. In contrast, no beam evolution or
distortion was observed for a 20 µm wide QCL with a lateral 14th order corrugation (Figure 34).
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Figure 34. Corrugated QCL LI characteristics. The beam evolution shows the laser is operating in the fundamental
transversal mode and its stable for the entire dynamic range. Inset shows an actual optical microscope image of the device
after the waveguide has been etched.

Figure 35. Power vs current characteristics of a 40 µm wide corrugated ridge waveguide QCL, maximum pump current
was not achieved due to our pump current source limitations. The QCL operates in a combination of TM 00 and TM01
modes, the corrugation forced its operation to a lower order mode compared to TM 0x that was expected without
corrugation. Measured M2 was 2.245.
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The approach was subsequently applied to broader devices (40 µm). Figure 35 summarizes
collected experimental data. The max power measured for this laser was 6.8 W and the roll over current
was not reached due to limitations of our current source. The beam had a single-lobed profile with
measured M2 of ~2.2. This beam quality is acceptable for IRCM applications. Critically, the beam
profile did not evolve throughout the entire laser dynamic range. Therefore, this is a viable approach
to transitioning to very wide QCLs without significantly compromising beam quality. Further
optimization of grating parameters is needed to maximize laser brightness.
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CHAPTER 5 MWIR QCLS WITH TOP METAL DBR.
The recipe for increasing QCL brightness are discussed above. Namely, ~15 to 25µm-wide
QCLs with weak-guiding have low thermal resistance and can therefore deliver high CW power. At
the same time, Gamma factor can be adjusted to achieve operation on the fundamental mode.
However, in the context of practical applications, such as DIRCM or spectroscopy, wavelength
selectivity is also very important. In this chapter we discuss our current work on the development of
single spectral mode broad-area QCLs with a top-metal DBR.

5.1 Floquet-Bloch Approach to Grating Design
In the case of first-order DBR QCLs, the calculation of coupling coefficients and DFB
parameters has been carried out primarily employing the approach by Kogelnik and Shank [121]. Our
ultimate goal, however, is the development of high power substrate-emitting QCLs based on a secondorder grating that in addition to forward and backward propagating waves, also has a running wave
solution propagating into the substrate. The rigorous Floquet-Bloch analysis is a more appropriate
numerical tool for their design [112]. For consistency, we also used the Floquet-Bloch approach in the
design of first-order DBRs and we briefly describe this method in this section.
This approach can be extended to the case for gratings with arbitrary shape. In this case, the
grating region is divided into multiple thin grating layers (Figure 36). For a TM-polarized beam, the
magnetic field points along the y direction, and the governing equation can be written as:
−

𝜕2 𝐻𝑦
𝜕𝑥 2

𝜕

1 𝜕𝐻𝑦

= 𝜖 [𝜕𝑧 (𝜖

𝜕𝑧

) + 𝑘02 𝐻𝑦 ]
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( 23 )

here 𝜖 is the relative dielectric function and 𝑘0 is the vacuum wave number. 𝜖 = 𝜖(𝑧) for each layer
without x-dependence.

Figure 36. Waveguide grating structure with a non-rectangular grating profile. The inset shows a schematic of the grating
region divided into multiple layers. Figure taken from [122].

For a layer inside the grating, Equation (23) takes the following form:
−

𝜕2𝐻 (𝑗) (𝑥,𝑧)
𝜕𝑥 2

𝜕

1

= 𝜖 (𝑗) (𝑧) {𝜕𝑧 [𝜖 (𝑗)(𝑧)

𝜕𝐻 (𝑗) (𝑥,𝑧)
𝜕𝑧

] + 𝑘02 𝐻 (𝑗) (𝑥, 𝑧)}

( 24 )

where ∧ is the grating period and 𝜖 (𝑗) (𝑧 +∧) = 𝜖 (𝑗) (𝑧). 𝐻 (𝑗) (𝑥, 𝑧) is 𝐻𝑦 in layer j. The magnetic field
can be expanded into partial waves
(𝑗)
𝑖𝛽𝑚𝑧
𝐻(𝑗) (𝑥, 𝑧) = ∑+∞
𝑚=−∞ 𝐻𝑚 (𝑥)𝑒

( 25 )

where 𝛽𝑚 = 𝛽0 + 𝑚𝐾 and 𝛽0 is the complex valued propagation constant and 𝐾 = 2𝜋/∧ is the
grating vector. In addition, due to the grating periodicity:

58

(𝑗)

+∞
𝜖 (𝑗) (𝑧) = ∑𝑚=−∞
𝜖̃𝑚 𝑒𝑖𝑚𝐾𝑧

( 26 )

the Fourier series expansion coefficients are calculated as follows for each of the thin grating
layers:
(𝑗)

1

∧

𝜖̃𝑚 = ∧ ∫0 𝜖 (𝑗) (𝑧)𝑒 −𝑖𝑚𝐾𝑧 𝑑𝑧

( 27 )

The electromagnetic boundary conditions [123, 124] require that the tangential electric and
magnetic fields have to be continuous across the boundaries [125, 126]. Also, each of the partial wave
orders has to have a corresponding wave in the uniform layers that is phase-matched to the partial
wave inside the grating layers.

5.2 First Order DBR QCLs
Distributed Bragg reflector quantum QCLs have been mostly demonstrated utilizing buriedheterostructure gratings [127, 128, 129, 130, 131, 132]. This approach requires growth interruption,
which increases device cost. In contrast, we chose to use top-metal grating with grating etch done
upon completion of the entire epi-growth. We also tried to avoid other fabrication processes that are
not easily scalable, such as use of FIB to define gratings [133, 134]. Finally, in contrast to LWIR devices
demonstrated in [135], our material laser at ~4.5 µm. Finally, to preserve high optical power we used
devices with a short grating section while leaving the remaining waveguide unperturbed (Figure 37).
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Figure 37. Schematic of a DBR QCL. This device is composed of a 3 mm long unperturbed region plus a 0.4 mm DBR
section for wavelength selection. The back facet is HR coated while the front facet is AR coated to avoid parasitic
reflections.

Our design is based on the waveguide structure shown in Figure 38, which is designed to have
center gain wavelength of 4.53 m. The QCL structure had 15 stages, total top cladding InP is 4 m
with a top cap layer of 200 nm of InGaAs (Figure 38 left).

Figure 38. Schematic of the waveguide structure for the DBR QCL approach, each layer has their refractive index value
used for the modeling. Left side shows the partial waves obtained with the Floquet-Bloch approach, forward propagating
wave (blue) and backward propagating wave (orange line) have an experience a diffraction efficiency of 83.33 %.
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The Floquet-Bloch approach is then applied to the grating waveguide structure and 13 partial
waves are used to compute basic DBR parameters and the shape of forward and backward waves.
Figure 38 (left ) shows that the DBR section consist of a first order grating with duty cycle of
37 % and period of 728 nm, the grating was assumed to be filled with gold. The right side of Figure
38 shows the forward (blue) and backward (orange) partial waves for the DBR section. The
comparable amplitudes for both waves are a result of relatively low absorption efficiency. Calculated
diffraction efficiency from order 0 and order -1 is 83 %. The imaginary part of the effective refractive
index could be used to estimate the decay factor in intensity as the wave travels along the grating. Such
a plot is shown Figure 39. For a QCL to lase, 10 % reflectivity is enough to achieve this goal meaning
that only a short, ~ 100 m, section DBR would be enough to provide such reflectivity.

Figure 39. Decay factor for intensity as function of grating length.

For experimental demonstration, we processed DBR-QCLs from an inventory QCL structure
very similar to the one shown in Figure 38. The structure consists of an active region with 15 stages
and top and bottom cladding InP (3.5 m each) with increasing doping. Emission wavelength was
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designed to be 4.5 m. Devices were processed in a ridge waveguide (20 m width) geometry
following the process described in section 2.4. After cleaving 5 mm chips and mounting them in AlN
submounts, lasers were HR coated and tested in pulsed mode. Results are shown in Figure 40.
Measured current threshold density of 2.6 kA/cm2 and maximum output power of 3.25 W are
comparable to these characteristics for traditional Fabry-Perot devices. We observed, however, that at
high pump current injection, the spectra was broad, mainly due to parasitic reflections from the front
facet. A 0 % reflectivity layer based on Yttrium Fluoride and Zinc Sulfide was subsequently designed
and applied to the front facet of these devices by means of electron beam evaporation. LI
measurements for HR/AR coated devices is shown the dashed line of Figure 40. As expected, the
current threshold increased due to the higher mirror loss but at the same time the slope efficiency was
enhanced, maximum peak power was 3 W.

Figure 40. Power, voltage vs current characteristics for a DBR QCL device in pulsed mode operation.
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Spectral data was taken after packaging the device on a gold coated heat spreader. The
measured spectrum throughout the dynamic range was stable with a FHWM less than 1 cm-1 (Figure
41). These results demonstrate that using a small DBR section, based on top metal grating with a
standard FP cavity, is enough to achieve stable narrow spectra which is applicable to spectroscopic
applications.

Figure 41. Spectra of a DBR QCL taken over the entire dynamic range. FWHM of the spectrum was measured to be less
than 1 cm-1 limited by the resolution of our FTIR ~ 0.25 cm -1.

So far, we have demonstrated that broad area QCLs can delivered more CW power than
standard designs. Also, using RFOM approach we can design a laser waveguide to operate in the
fundamental TM00 mode for moderately-wide devices. We can also implement the corrugated ridge
waveguide to enforce a single lateral mode of operation for devices with ridge width exceeding 20µm.
Finally, using a short DBR section incorporated into a FP cavity, the spectrum can be narrowed to
less than 1 cm-1, resulting in a high spectral brightness. However, at high CW power these devices will
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likely fail due to small emission aperture size and high optical intensity. Therefore, we need to modify
the laser configuration to mitigate this problem. This is the topic of the next section.
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CHAPTER 6 DBR QCLS WITH A DETUNED 2ND
ORDER OUTCOUPLER1
Our ultimate goal is to achieve >10W of CW output power from a single emitter.
Unfortunately, MWIR edge-emitting QCLs tend to fail in the 3-4 W range (Figure 42). It is, therefore,
important to increase emission aperture size, which would reduce peak intensity at the output facet
for the same total power. This can be achieved employing a second-order outcoupler. The work on
this chapter is mainly based on the work that we recently published in AIP Advances.

Figure 42. Left side shows a healthy laser facet. Right side shows the same facet after suffering catastrophic optical damage
due to the high emitted power.

6.1 2nd Order Outcoupler for Reduced Catastrophic Optical Damage
Surface-emitting QCLs offer the benefits of a narrow emission spectrum, low output beam
divergence, and a much lower risk of facet damage due to dramatically reduced optical power density
at the output facet. Potential applications for these devices include standoff detection, spectral
imaging, spectroscopy, free space optical communications, and infrared countermeasures.

1

The work in this chapter is largely based on the work published in AIP Advances 11, 115221 (2021)
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The first surface-emitting QCLs were based on an air-metal-semiconductor second-order
distributed feedback grating [136, 137, 138]. In that configuration, QCLs are mounted epi-up and
output optical power is extracted from the epi-side of the laser. The main disadvantages of such
devices are output power loss due to partial beam diffraction into the substrate and a high thermal
impedance inherent to epi-up mounting. Substrate-emitting QCLs with a metal-semiconductor grating
address both these concerns [139]. Optical power extraction from the substrate side has been
successfully used, for example, in the design of epi-down mounted ring-cavity QCLs [140, 141].
QCL optical power can be effectively scaled with cavity length [142]. The optimal facet
reflectivity for long-cavity (5 to 10 mm) QCLs is on the order of only several percent. Therefore, even
a short grating can provide sufficient optical feedback required for lasing, leaving most of the laser
waveguide unperturbed. This can be leveraged in the design of surface-emitting QCLs by combining
a long gain section to achieve high optical power with a short first-order DBR used for wavelength
selection and a second order outcoupler for increasing emission aperture size, Figure 43. Since
effective reflectivity for the first-order DBR section and outcoupling efficiency for the second-order
section both strongly depend on a grating profile (duty cycle, depth, and shape), it would be beneficial
to spectrally detune the two gratings from each other, which would allow for their independent
optimization to improve overall laser performance. The first demonstration of such devices is reported
in this work. In contrast to the earlier work on QCLs with a second-order grating sandwiched between
two first-order DBR sections [143, 144], the outcoupler in the new configuration is positioned outside
the laser cavity and, due to the spectral detuning, it does not contribute to optical feedback Figure 43.
Therefore, depending on targeted power level and other design constrains, it can be designed to
operate in either weak or strong outcoupling regimes.
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Figure 43. Schematic of a substrate-emitting QCL with a first order distributed Bragg reflector used for wavelength
selection and a second-order outcoupler. The second-order grating is detuned from the first-order grating which results in
output beam extraction angle  of approximately -33o. A scanning electron microscope image of such a device shows
transition from the distributed Bragg reflector section to the outcoupler section to emphasize the difference in gratings
periodicity.

An inventory laser material used in this proof-of-concept work had the following layer
sequence (starting from the substrate): 1.5 µm InP doped to 4 x 10 16 cm-3, 1.7 µm active region
comprising 40 stages (λ ~ 4.1 µm), 1.1 µm InP doped to 4 x 10 16 cm-3, 0.5 µm InP doped to 1 x 1017
cm-3, 0.5 µm InP doped to 1 x 1018 cm-3, and a cap InGaAs doped to 1 x 10 19 cm-3 to achieve ohmic
contact. The wafer had been grown with molecular beam epitaxy on a low doped InP substrate to
reduce free carrier losses.
First and second-order gratings characteristics were simulated for this waveguide layer
sequence using the numerical Floquet-Bloch approach described in previous chapter, [121, 122], under
the assumption that there was no optical gain or loss associated with the active region. For modelling
both gratings, emission wavelength was taken to be equal to 4.10 µm (center of the gain curve), grating
depth – 900 nm, and duty cycle – 45 %. It was also assumed that both gratings had a rectangular shape.
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This set of input parameters resulted in a calculated grating period of 644 nm for the firstorder grating. Figure 44 a) shows calculated profiles for the forward (partial wave H 0; blue curve) and
backward (partial wave H-1, red curve) propagating guided waves. Calculated diffraction efficiency
based on these H0 and H-1 profiles is equal to 79 % and material absorption efficiency is equal to 21
%. Figure 44 c) inset shows calculated spectral dependence of diffraction efficiency with FWHM equal
to 1.4 cm-1. The value of 1.2 x 10-3 calculated for the imaginary part of the effective refractive index in
the DBR section results in the exponential decay of the guided mode shown in Figure 44 c) (black
curve). Since effective reflectivity on the order of several percent is sufficient for long-cavity MWIR
QCLs, a DBR section as short as 100 µm could be used in this case. However, to minimize laser
threshold in these initial experiments, we chose to use a 500 µm-long DBR section.
Figure 44 b) shows that the second-order grating with a trial 1100 nm period is projected to
result in a strong outcoupling into the substrate (partial wave H-1, green curve). Note that the backreflected wave (partial wave H-2, red curve) carries a very low energy in the outcoupler section, which
is a direct consequence of the spectral detuning between the two gratings. Calculated outcoupling
efficiency based on these partial waves profiles is equal to ~85 % and material absorption efficiency
is equal to ~15 %. The high outcoupling efficiency can be seen as source of loss (since more light is
being extracted from the laser cavity) that will be reflected as an increase of threshold current and
slope efficiency. The value of 3.4 x 10-3 calculated for the imaginary part of the effective refractive
index in the second-order outcoupler section results in exponential decay of the guided mode shown
in Figure 44 c) (blue curve). These data show that a >500 µm-long second-order grating would provide
a nearly complete outcoupling of the guided mode. Its length was chosen to be 1.5 mm in these first
experiments.
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Figure 44. a) Amplitudes of the forward (partial wave H0; blue curve) and backward (partial wave H-1; red curve)
propagating waves for the first-order reflector. b) Amplitudes of the forward (partial wave H0; blue curve), backward
(partial wave H-2; red curve), and outcoupled (partial wave H-1; green curve) waves for the second-order grating. c)
Projected decay of the guided mode in the first and second-order gratings. These numerical projections demonstrate that
a 0.5 mm long DBR section would provide enough feedback for lasing (black line) and a >0.5 mm long second-order
grating would provide a nearly complete outcoupling of the guided mode (blue line). Inset shows the spectral dependence
for diffraction efficiency of the first order DBR section.

As discussed above, the spectral detuning between the two gratings also results in output beam
extraction at an angle to the growth direction. Using the Floquet-Bloch formalism, [121, 122] it can
be shown that the angle of beam extraction, α, (defined in Figure 43) is determined by magnitude of
detuning as follows:
sin 𝛼 = 𝑅𝑒(𝑛𝑒𝑓𝑓 ) −

𝜆0
Λ

( 28 )

where neff is the effective refractive index, λ0 – emission wavelength, and Λ – grating period.
From Equation (28), calculated angle of output beam extraction for this set of input
parameters is -33.
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Based on the numerical projections presented above, the targeted device dimensions for these
initial experiments were the following: 4 mm-long unperturbed gain section, followed by a 0.5 mmlong DBR section (period – 644 nm, depth – 900 nm, duty cycle – 45 %), and 1.5 mm-long outcoupler
section (period – 1100 nm, depth – 900 nm, duty cycle – 45 %). To simplify wafer processing, all three
sections shared the same electrical contact and were therefore pumped at the same current density.

6.2 First Demonstration of 1st Order DBR with 2nd Order
Detuned Outcoupler BA QCL
The fabrication process follows the steps described in section 2.4 of this dissertation starting
with both first order and second order definition and etch into semiconductor. Then ridge waveguides,
~20 µm, were fabricated. The processed wafer was polished down to approximately 100 µm and 1.5
mm x 200 µm openings were defined in the backside metallization to allow for substrate emission.
The processed wafer was cleaved into 6 mm-long devices and the laser chips were bonded epi-down
to aluminium nitride submounts.
Figure 45 shows measured light-current-voltage (LIV) characteristics of a 6 mm x 20 µm laser
at various stages of back facet, front facet, and substrate-side coating. Red curve shows measured
substrate emission with both facets and substrate left uncoated: threshold current density, max peak
power, and slope efficiency were 1.52 kA/cm2, 0.30 W and 165 mW/A respectively. A high reflective
coating (HRC) was subsequently deposited on the back facet, while the front facet and the substrate
were left uncoated. Due to reduced mirror losses, the threshold current density decreased to 1.30
kA/cm2, while peak output power increased to 0.8 W with a slope efficiency of 420 mW/A (Figure 45
black line). Figure 46 shows (red curve) that emission spectrum in this case was wide (~ 100 cm-1) due
to a strong feedback from the uncoated front facet and the fact that all three sections were pumped.
Finally, an anti-reflection coating (ARC) was applied to both the front facet and the substrate. The
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fully coated device had threshold current density of 1.89 kA/cm 2, peak power of 0.6 W, and slope
efficiency of 400 mW/A (Figure 45 green line). This relatively low slope efficiency could be attributed
to an un-optimized substrate AR coating. Figure 46 (blue curve) shows that AR-coating resulted in
spectral width reduction down to ~3 cm-1, which is acceptable for many practical applications. The
measured central wavelength was 4.07 µm, close to its design value of 4.10 µm. FWHM for the spectral
distribution stayed within the range of several wavenumbers throughout the entire laser dynamic
range.

Figure 45. Pulsed (300 ns, 0.3 % duty cycle) LIV characteristics of a 6 mm-long QCL device with a 4 mm gain section, 0.5
mm DBR section, and 1.5 mm outcoupler section taken at various stages of device coating.

Further reduction in spectral width can be achieved by optimizing AR-coating recipe for the
front facet. Alternatively, pumping both gratings to transparency would also prevent feedback due to
complete guided mode outcoupling through the substrate (see Figure 44 c), blue trace). This, however,
would make the laser fabrication and packaging more challenging.
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Figure 46. Red and blue curves are spectra taken for the same device before and after ARC deposition. Laser driven under
pulsed current (300 ns, 0.3% duty cycle).

Finally, far field measurements were carried out for the fully coated device with a room
temperature mercury cadmium telluride detector at distance of 160 mm. The far field profile parallel
to the laser cavity (Figure 47 a) was a single-lobed peak with a maximum measured at an angle of -34,
very close to its predicted value of -33. The beam pattern had a stable behaviour in the entire laser
dynamic range with a FWHM of ~ 1, approximately twice its projected value. The larger experimental
value for the far-field angular distribution can largely be explained by measured spectral width of ~3
cm-1 (Figure 46) and calculated angular dispersion of 0.104 /cm-1. Measured far field pattern in the
transverse direction (Figure 47 b) was also a single-lobed peak with a FWHM of ~18 as opposed to
its calculated value of 10.5. The larger experimental value can be explained by the fact that the 20
µm-wide waveguide supports multiple lateral modes.

72

Figure 47. a) Projected (dashed line) vs measured (solid line) far field along device cavity. b) Projected (dashed line) vs
measured (solid line) far field perpendicular to device cavity. Far field measured at 3.9 A current injection (300 ns, 0.3 %
duty cycle).

In conclusion we have demonstrated operation of the first substrate-emitting QCLs with a
first-order DBR used for wavelength selection and a second-order outcoupler spectrally detuned from
the DBR section. This configuration allows for independent optimization of the DBR and outcoupler
sections. An HR/AR coated 6 mm x 20 µm device delivered peak power of 0.6 W into a single lobed
beam with ~ 1 x 18 angular FWHM. Measured emission spectrum had FWHM of 3 cm-1 and its
peak was centred at 4.07 µm.
Future work on these devices includes both optimization of the laser design and improvement
in wafer processing. The model has to be extended to take into account gain/loss in the DBR and
outcoupler sections to optimize performance and stabilize emission angle at high temperature
operation.
Profiles for both gratings can be subsequently independently optimized to increase device
efficiency. This includes numerical analysis for different grating shapes, as well as numerical sweep
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across different values of etching depth and duty cycle. Also, different pumping levels should be
considered for the three sections to optimize device efficiency. For example, the DBR and outcoupler
sections can be left unpumped or they can be pumped to transparency. Regarding wafer processing,
a better control of etch depth using, for example, an etch stop layer, would help with fine-tuning of
the grating depth and shape.
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CHAPTER 7 SUMMARY AND FUTURE WORK
In summary, power scaling for broad area QCLs with reduced number of stages is an effective
solution to overcome thermal limitations that have been hindering QCL CW performance over the
last decade. Recently, our group demonstrated first CW power scaling for longer wavelength QCLs.
The utmost importance of Band IVa (<4.2µm) infrared spectral region for DIRCM applications
motivated the present study on short-wavelength BA QCLs. This work resulted in the first
demonstration of CW operation for Band IVa BA QCLs. Also, a good model/experiment agreement
was demonstrated for these first short-wavelength devices. The model was subsequently used to show
that CW power exceeding 3W from a single Band IVa BA QCL is realistic. Also, our numerical analysis
showed that such devices would lase on the fundamental transverse mode, which would translate to
very high brightness.
We also experimentally showed that BA QCL spectral brightness can be significantly increased
without compromising laser efficiency by incorporating a short top-metal DBR section into the laser
waveguide. The DBR approach can be extended to the dual-grating configuration with output power
collected through the substrate to address poor reliability of edge-emitting QCLs at high CW power.
In this case, we propose to use the first order grating for wavelength selection and spectrally detuned
second order outcoupler for beam extraction through the substrate. The ~ x1,000 increase in emission
aperture size has the additional benefit of reduced beam divergence, which simplifies downstream
optics and therefore reduces package size. First operation of such devices was demonstrated here.
This work paves the way for the next generation QCLs with a very high spectral brightness,
low beam divergence, and improved reliability to address emerging threats posed to aircraft by new
heat-seeking missiles based on staring array sensors.
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